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PREFACE

?

Thts ts the ftnal report on the Evaluation of Dtgltal Correction Tech- i
ntques for ERTSImages. This report fulftlls the deliverable documentation

requirements for Item 5, Contract NAS5-2;814. Additionally, thts report

summarizeswork completed since the last pruoress report, i

During the course of the study, TRWhas evaluated various digital

correctiontechniquesappliedto bulk CCT MSS and RBV data in four primary

areas:

e processing - induced distortions

e reseauand groundcontrolpointlocationaccuracy

e geometricdistortioncorrectionaccuracy

• throughput

TRWsCDC 6400computerwas utilizedas the major tool in evaluatingthese

techniques.The studywas not explicitlyconcernedwith imageenhancement,

but ratherconcentratedon the variouseler_ntsof ERTSdata processing.

Whilethe varioustaskshavenot been combinedto producea contiguousdata

flowrequiredIn an operationalfacility,the processingmodulesdescribed

in thisreporthavebeenevaluatedindividuallyin termsof throughp,_t.

The principleperformerof this studywas Dr. S. Rlfman,withMr. J.

Taberand Dr. K. Simonprovidingoveralldirection. Dr. Rifmanwas period-

icallysupportedby M. Benesch,A. Hung, D. McKinnon,J. Rau,W. Spence,

and K. Ziedman. Ms. Beneschparticularlymade valuablecontributionsto the

RBV effort. Dr. R. Caronprovidedhelpfulconsultationfor the KalmanFllter.

DeepappreciationIs extendedtowardMr. BernardPeavey,the Science

Monitor,who has providedmuch valuablesupportthroughoutthlscontract.

Gratefulthanksare due Messrs,Tom Burgerand Mel Byerlyof the U.S. 6eo-

logicalSurveywho suppliedthe necessaryprecisiongeodeticgroundtruth

data,

) iL
• _ ._.....k__ 11........ '....._..... __
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: i
" _ I N TRO DU CT I ON AN D

! i SUMMARY

1.1 STUDYSCOPE

The ultimatevalueof satellite-collectedEarthresourcesdatawill

• dependon the speedand accuracywithwhich meaningfulinformationcan be

' extracted. TRW'sstudy objectivehas beento verifythat the prerequisite

geometricand photometriccorrectionof ERTS-IMSS and RBV data can be

i speedilyand accuratelyaccomplishedwith all-digitalimageprocessing
_- techniques.

TRWhas studied several digital correction techniques and evaluated

these techniques in four primary areas:

e processing-induced distortions

e reseau and ground control poin_ (GCP) location accuracy

I Geometricdistortioncorrectionaccuracy

e throughput

Processing-induceddistortionsincluderesolutiondegradation,corrected

imagediscontinuities,and any artifacts. It is emphasizedthat this

studywas explicitlynot concernedwith imageenhancementtechnlques_ con- i

sequently,onlyresolutiondegradationand artifactsinducedby the data

processingwere considered.The geometricdistortioncorrectionaccuracy

includesresidualsensordistortionsand attitude/ephemeriserror-caused

distortions.Theseare affectedby the reseauand GCP locationaccuracies.

Due to the shutdownof the RBV shortlyafterERTS-Ilaunch,pro-

cessingprioritywas shiftedto MSS data althoughconslderab|eprogress

had alreadybeenachievedin adaptingTRW algorithmsto accommodatethe

RBV data. As a consequence,the bulkof this reportis focusedon the

( ! evaluationof MSS data processingtechniques.Table l-I liststhe images

processedin the courseof the study.

i

1974010896-010



I:_ I' l I

.... 20634-6003-TU-00y, ql_411, _411,_s- *'" " o_ m-.... ",
Page.I-Z

r

Table I-I. NASA ImageryProcessedin the Courseof the Study

!
'. NASA

Sensor Scene No. , _G_eograp.hicalDescription

RBV 1002-18134 Monterey Bay

MSS I057-,18172 San PabloBay

MSS 1062-15190 Baltimore/Washington

MSS 1080.15192 BaItimore/Washington

I i

i ,

: 4

"-'-"-i"
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J

1.2 STUDYAPPROACH

Evaluationof ERTSdigitalimagecorrectiontechniqueshas proceeded

in four stages:

a. Adaptationof TRW algorithmsto the ERTSdata formats;

! b. Parametricdesignand performanceevaluation;

c. Performanceevaluationof digitalimagecorrections
_ with data providedby NASA;and

d. Determinationof throughputfor criticalprocessingsteps.

Specificalgorithmareasfor evaluationincluded:

a. Evaluationof three interpolationtechniques*

• nearestneighbor_nterpolation

• bilinearinterpo1_.tion

• TRW CubicConvolutionProcess

b. KalmanFilteringfor precisionattituderefinement
: (MSSonly)

i c. Piecewiselow-orderdistortionmodel

d. Spiralsearchand shadowcastingfor reseaulocation*
i,

; e. AutomaticGCP extractionvia sequentialsimilaritydetection

In general,threeapproacheswere employedfor the evaluations:(a) auto-

) matlc computerprocessing;(b)manualverification;and (c) visualinspection.

! Thus, evaluationsof the geometricprecisionwere assistedby computerpro-

ces_ingfor the rms differencesbetweenknowngroundlocationsand those

_ determinedfrom the correctedimage (MSSand RBV),or by the rms differences

i betweenknownreseaulocationsand thosedeterminedfromthe correctedF

i image(RBV).

! Processing-induceddlstortion_,which manifestthemselvesas resolu-

tion degradation,imagediscontinuitiesand photometricerrorswere evaluated

by meansof statisticalalgorithms(histograms),spatialfrequencyanalyses

and visualinspection.Analysesof errorsinherentin the imagecorrection ;

I algorithmalsowill be presented1

•Developedpriorto the commencementof this contractundercompany-sponsored
programs.

1974010896-012



20634-6003-TU-00
Page 1-4

Groundcontrolpointand reseauidentificationand locationaccuracy

were evaluatedby means of manualirspectionand verificationof photo-

graphicand printer/plotterimageryfor the areas in question. The speed

and effectivenessof algorithmsfor GCP identificationwere also considered.

Finally,the overallthroughputof the processingwas evaluatedfor RBV

and MSS imagery. Comparisonswere made betweenseveralresamplingalgor-

ithmsand examplesof runningtimesare givenfor CDC 6400 computerpro-

cessing.

The actualwork progressedthroughthreephasesas illustratedin

Figurel-l. The firstphase (pre-launch)was devotedto processingtool

collectionand modification.Thesetoolswere examinedin the second

phasewith first-look7RTS-Idat_,requiredtoolmodificationswere init(ated,

and the compatibilityof TRW's processing/e"aluationtechniqueswith ERTS-I

datawas established.The secondphasewas concludedwith the publication

of the DataAnalysisPlanfor Phase Ill,the continuingdata analysisphase.

Phase Ill consistedof two principalfacets: a) precisionprocessingof d

selectedimagery,and b) evaluationof the spatialand photometricproper-

ties of the processedimageryfromthe standpointof precisionand through-

put. Resultsof the Phase Illstudiesare documentedin thisreport.

A top-levelfunctionalflowof the softwaretoolsutilizedby TRW

to processRBV and MSS data appearsas the two stepprocedureillustrated

in FigureI-2.The first step,referredto hereinas Pass I, includes

the imagedistortionestimationfunction,the datareformattingfunction

for bulk CCT data suppliedby NASA/NDPF,and the GCP/reseausearchregion
extractionfunction. The distortionestimationfunctionresultsin the

generationof a data fileof distortioncoefficients,correspondingto the

piecewisebilineardistortionmodel employed.The seconddata passcorrects

the r_formattedbulk CCT data pixelby pixel,usingone of three processes

identifiedat the beginningof this section,making_se o_ the distortion

coefficientsgeneratedin the firstpassprocessing.

1.3 SUMMARYOF MAJORRESULTS

: TRW has employedhighlyefficientdigitaltechniquesto precision

processbulk ERTSdata. These techniqueswere utilizedfor:

1974010896-013
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• AutomaticGCP Extraction
_p

• AutomaticReseauExtraction{RBVonly)

e KalmanFilterAttitudeRefinement(MSSonly)

e PiecewiseLow Order DistortionCalculation

• ImageCorrection.

; Both accuracy and throughput have been evaluated.

AutomaticGCP Extraction
T.

TRW has implementedan efficienttechniquewhich rapidlyrejects

mismatchesbetweena referenceimagesubarea{32 pixelsx 32 lines)and

a testsegmentof the samesizederivedfrom a largersearchregion(150

plxelsx 120 lines). No positionalerrorswere foundwhen the reference

subareaand searchregionWere derivedfromthe same ERTSbulk scenedat_.

For searchand referencedataderivedfrom two differentorbitalpass

{i.e.,18 days or moreapart in time),the maximumpositionalerrorwas

found to be l plxel. Runningtime on a CDC 6000 seriescomputeraverages

about 14 sec./GCP.

AutomaticReseauExtraction

TRW has implementeda reseausearchtechniquewhichsearchesmost

probablereseaulocationsfirst. This is done in two ways: l) orderlng

reseauxto be extractedin a sequencecorrespondingto increasingimage

distortion,i.e.,centerreseauin each row first,followedby next ad-

Jacentpair of reseaux,etc.;2) spiralsearchof each reseausearchregion

(240pixelsx 240 lineslinitiatedat the positionthe reseauwas last

found (in the same or adjacentrow),or at the positionexpectedfrompre-

flightcalibrationmeasurements.This searchis followedby thresholded

shadowcasting(rowand columnsummingof imagedata) to locatethe reseau

center. Preclsinnte a fractionof a pixelis derivedfroma polynomialflt

1:othe shadowvalues.Incrementingthe shadowthresholdpermitsextraction

! of even low contrast reseaux.
t

All reseaux extracted were correctly located, to the accuracy of

independent measurementtechniques utilizing ltne printer output. No false

: detections were experienced. Average ttme to extract a reseau was _ 4 sec
: ,of CPUon a CDC6400 computer for a search region 240 ptxels x 240 lines.

i

.$

1974010896-016
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, KalmenFtlter AttitudeRefinement

The KalmanFilterwas implementedin the formof an optimumlinear

attitudeestimator,drivenby errorsin the UTM planebetweenactualGCP

1ocatlons(obtainedfrom the U.S. GeologicalSurvey)and estimatedGCP

• i locations,usingthe BIATdata for initialattitudeestimates. Only 3

GCPswere requiredto reduceresidualerrorsto one pixel,a limitlngvalue

determinedby the GCP extractionprecisionand sensorIFOV. CPU tlmefor

a CDC 6400was 4.1 sec.
i

i Piecewise Low-Order DistortionCalculation

)
) For the _S data it was foundthata piecewisebllineardistortion

i model fit to 81 imagepositions(forwhich distortionswere computedto

; highaccuracy)is consistentwith absoluteworst casemodelingerrors_ .5

plxel. Highlyaccuratemodelsfor the sensorscanand spacecraftattitude
and ephemerisare utilizedto computethe resultantdistortioncoefficients !

for 8x8 regionsspanninga scene,8 coefficientsper region. Distortion

coefficientcalculationfor one MSS scenerequires20 sec of CPU exclusive

of GCP extraction.Outputcorrectedimageryis projectedin a UTM coordinate

system.

RBV imagedistortionswere also successfullymodclledby means of a

piecewlsebilinearmodel,utilizing36x36 searchregions. Modelingerrors

In thiscasewere_ 1 pixel,and CPU timewas about44 sec, inclusiveof

reseauextraction,and exclusiveof GCP extraction.

ImageCorrection

Precisioncorrectionof imagedatawas accomplishedby meansof:

I) nearestneighborinterpolation,2) billnearinterpolation,and 3) TRW

CubicConvolutionProcess,developedby TRW priorto the commencementof

thls contract. Itwas foundthat bothnearestneighborand bllinearinter,

polationprocessessignificantlydegradedimagequality,whereasTRW Cubic

Convolutiongeneratedthe most satisfactoryresults. Thus, for example,

nearestneighborinterpolationproducedone pixeldiscontinuities,notice-

able throughoutthe image. Blllnearinterpolationwas freeof the image

discontinuities produced by nearest neighbor interpolation, but noticeably

( degradedimageresolutlon(spatialfrequencycontent). Imagedata processed

by the TRW Cubic ConvolutionProcesshad neitherthe nearest-nelghbordls- i

continuities nor the loss of spatial frequency content occasioned by bt-

11nearInterpolatlon.Furthermore,comparisonof TRW'sdlgltallyprocessed

1974010896-017
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?

!

ERTStmagery with current NASAprecision products reveals the supertor

quality of the dlgttal processed result to the analogue method (scan/!
rescan).

CPUtime for the nearest-neighbor tnterpo]ation process was fastest

(about 25 sec/]O6 ptxels), was lnte_nedtate for btltnear interpolation
(about 56 sec/lO 6 pixels), and for TRWCubic Convolution was slowest

(about 770 sec/]O 6 pixels) for the three processes considered. This

corresponds to a range of 72.5 minutes - 55 minutes for a fu]l ERTS

scene (4 bands, or a total of 30 x 106 pixels of output data) using a
CDC-6400.

1.4 CONCLUSIONSANDRECOI_ENDATIONS

; TRWhas developed and demonstrated all-digital techniques to pre-i
ctston process ERTSimagery. Extension of the large-scale computer

Implementations to smal]-scale "minicomputer" configurations should

ulttmate]y result in a highly cost effective implementation (tn fact

at ]east one minicomputer offers a factor of two improvementin through-

put over the CDC6400 system utilized in this study). It ts recommended

that thts approach be pursued, and that stmu]taneously efforts be under-

taken to extend the existing techniques to permit registration of data from

different ]8-day S/C passes to a fraction of a pixe]. This wt]] makepossib]e

changedetection studies directly from digita]]y processed data,

1.5 PUBLISHEDPAPERS

References (5), (6), (7) cite the papers published during the
course of this contract.

].6 NEWTECHNOLOGY

• No newtechnology was discovered during the course of thts con-
tract.

! 1
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2
MSS DATA

PROCESSING

' Z.1 INTRO_CTION _

The Multispectral Scanner Subsystem (MSS) gathers data by imaging

the surface of the earth in several spectral bands stmultan_usly through

the sameoptical system. The HSSfor ERTS-1is a 4-band scanner operating

in the solar-reflect_ spectral band region from 0.5 to 1.1 micrometer

wavelength. It scans c-oss-track swaths of 185 kilometers (100 nm) wtdth,

imaging six scan ltnes across in each of the four spectral bands stmul-

tan_usly. The object plane is scannedby meansof an oscillating flat

mirror between the scene and the double-reflector, telescope type of

optical chain. The 11.56 degree cross-track field of view is scann_ as

the mirror oscillates + 2.89 degrees about its nominal position as shownin

Figure 2.1 (Reference (2)). Table 2-1 lists the spectral bands for ERTS-1.

The instan_neous field of view (IFOV) of each detector subtends an

earth-area square of 79 meters on a side from the nominal orbttal altitude.

Across scan separation of IFOV's is approximtely the same, but the separa-

tion along scan is approximtely56 nm.

Table 2-I. ERTS-IMSS BandAssignment

Ban._..d.d Wavelen9th
Band 1 0.5 to 0.6 micrometers

Band 2 0.6 to 0.7 micrometers |

IBand 3 0.7 to 0_8 micrometers

Band 4 0.8 to I.Imicrometers

( )
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The sampling Interval is 9.95 usec, corresponding to a cross-track

motion of the instantaneous field of view of 56 meters. The along-track

scan is producedby the orbital motion of the spacecraft. By oscillating

the mirror at a rate of 13.62 Hz, the subsatelltte point will have moved

474mters along-track during the 73.42 millisecond active scan and re-

trace cycle. The width of the along-track field of view of six detectors

is also 474meters. Figure 2,1 showsthe composite scan pattern.

The downltnked HSSdata is processed by the NASAData Processing

Factltty (NDPF) to produce ftlm products and ComputerCompatible Tapes

(CCT). Four CCT's are required for the digital data corresponding to one

scene, framed 185 Kmon a side. The MSSdata on the CCT's is spectrally

interleaved, line-length adjusted, and radtometrically calibrated. For a

gtven spectral band, one active scan of the MSSmirror produces stmultin-

eously six lines of bulk image data. A total of 2340 lines (390 scans)

constitute one such image. For each set of images there is a set of S/C

ephemeris and attitude data, relative to the time of the image cenCer

point (image center time, ICT), recorded on the bulk image annotation

tape (BIAT).

TRH's firstpass programfor multispectralscannerdata is called

MSS. MSS is a CDC 6400 programencodedin modularmannerto flexibly

exercisePASS-Ialgorithms.

2.2 METHODOLOGY

The functionof the MSS programis to generatea fileof distortion

coefflclent_representingthe geometriccorrectiontransformationwhich

maps the bulk imageto the geometricallycorrectedoutputimagein a UTM

projection. The geometric distortions of the MSSbulk image are due to

errors in the vehicle attitude/ephemeris which may vary from scan to

scan, to Irregularities in the motion of the scanning mirror, and
to earth curvature and rotation. A schematic of the MSSsoftware ts

given in Figure 2.2.

The determination of the distortion coefficients requires accurate

models for the sensor scan and the vehicle attitude/ephemeris. Initial

valu6s of spacecraft attitude, altitude, and nadtr attitude and longitude

'f , • • •

1974010896-021



t

ZO634-6003-TU-O0
Page2-4 _"

_J

T

(

Bulk Image AnnotaitonTape.

Data Tape Data ;

Intttal Attitude

TapeRefomatttng Determination
Ftlter Inputs

GCPNeighborhood , ,_

Extraction &im

Library NRefin ,ement_)fv i;

n

No
_P

i

Identification AttitudeRefinement
i ii

L

[ ReformattedBulk Image

DataTape stortlonCoefficient .,

l Computatlon

I .)PASS-I

PASS-II 1
1

I

Data

Figure2.2 MSSProgramFunctionalSchematic

1974010896-022



20634-6003-TU-00
) Page 2-5
L

i ! are provided on the annotation tape for g equally-spaced points spanning
an image. These values are least-squares fit to corresponding cubic poly-

t nomtals in time to develop an initial estimate of the vehicle attitude/
i

ephemeris. The attitude data is then refined, on option, by determining

positions of selected GroundControl Points (GCP's) on the input CCT, and

employing a Kalmanfilter for a precision refinement of the roll, pitch,

and y_w coefficients.

Given the re_ihed (or initial) attitude profile, the image distortion

coefficients are computedby first defining a regular grid of image loca-

tions, called "pseudo-reseaux," in the coordinate system of the bulk image.

These points are mappedto their corresponding locations in UTHcoordinates

in the corrected image coordinate system. The LOSvector from the space-

craft is determined for each pseudoreseau point as a function of time

through the use of analytical models of the earth-vehicle system and the
MSSmirrorscan.

A regular grid of pseudo-reseaux is then defined in the UTMsystem

: parallel to the spacecraft ground track and cevtered with respect to the

t initial set of pseudo-reseaux mappedfrom the bulk image system by means

of a least-squares fit of the edge reseaux. The distortion coefficients
Z

' (defined for each block of four pseudo-reseaux in the regular UTMsystem)

are computedon the basis of a bilinear distortion model, through an in-

verse mappingfrom the regular reseau coordinate system to the bulk image

(uncorrected) coordinate system. This mapping is accomplishedby meansof

a raptdly convergent iteratlve technique.

2.3 MSS DATAPROCESSINGRESULTS

The resultsof the evaluationof TRW algorithmsfor processingMSS

data encompassfive areas: GCP extractionprecision,Kalmanfilterper-

formance,Pass I precision,resampllng algorithmcomparisons,and

module throughput.

2.3.1 GCPExtraction Precision

GCP searchregionscalled"neighborhoods"(seeFigure2.3) were

i9740i089G-023
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Ptxels _
i

150

Lines i

F"- -'1

20 ///_L _ J

• __/,,.NeighborhoodI

' _ "\\"

32

132 Window

Figure2.3, GCP WindowExtractionfrom a SearchNeighborhood

Dimensionsrefer to llneand pixe]valuesin bulk CCT data. A
wlndowis locatedwithina neighborhoodwhen the cumulated
pixelvaluedifferences(randompixelordering)withinan
overlapregion(showndottedabove)do not exceeda moving
threshold. A possiblelocationis rejectedquicklywhen the

, cumulateddifferenceexceeds the same threshold,after a pre- i
determinednumberof differencesare cumulated.
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extractedas partof the bulkdata reformattingprocess, which produces

line sequentialand band separatedbulk imagedata. GCP locationwithin

eachsearchregionis accomplishedby means of a featurematchingtechnique

(Reference(2))which rapidlyrejectsmismatches.

Typicalof the precisionof the techniqueare the resultsgiven in

Table 2-2. Four testswere made usingscene I062-15190-5and scenedata

obtained18 days later,I080-15192-5.For simplicity,let scene

I062-15190-5be denotedas 62, and let sceneI080-15192-5be denotedas

80; let N (neighborhood)representthe searchretion,(150pixelsx

120 lines),and let W (window)representthe referencetemplateof the

GCP (32 pixelsx 32 lines).

The intersectionof Interstate83 and the BaltimoreBeltwaystands

out clearlyin both scenesand was takenas the GCP, The testsconsisted

of utilizing: a) 62 as the windowdata (62W),and 80 for the sourceof

neighborhooddata (8ON); b) 62 as bothsourcesfor windowand neighbor-

hooddata (62W+ 62N); c) 80 as both sourcesfor windowand neighborhood

data (80W+ 8ON); and d) the reverseof the firstcase (80W+ _2N). The

paramaterXNOISEis the thresholdincrementused to computethe threshold

JT. Basically,a largeXNOISEwill give a largeprobabilityof

falsedetectionand cause the algorithmto run slower,while a small

XNOISEwill givea largeprobabilityof falserejectionand cause

the algorithmto run faster. For XNOISE=4 , the mean timeto extracta

GCP is 19.2cpu seconds,and the errorsfor 62W + 80N and BOW + 62N

reach a minimumvalue.

Observationsmade subsequentto these testsindicatethat a one

pixelerrorcan occur if the featurein questionhas beennearest-neighbor

line lengthadjusted,i.e.,a replicatedpixelis present(Reference(3),

Appendix2).

W

UsingCDC computersnecessitatedconversionto 6 bit dataper
pixelat the same time.

W_

Out of a possible rangeof 64, for 6 bit data.

I

]

.... |
+

+
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Table 2-2. TypicalGCP ExtractionPrecision

_NEIGHBORHooDWINDOW+XNOISE TIMETO ;il ERROR
EXTRACTGCP | LINES PIXELS
(cpusec; I

l 4.8 : 0 0
2 5.5 0 0

62W + 62N 3 7.9 0 0
4 9,6 O 0

l 5.1 0 0
2 7.2 0 0

80W + 80W 3 ll.2 O 0
4 25.0 O 0

m. ,

3 6.8 18 32
3.5 8.3 -28 -36

62W + 80N 4 13.3 -l -l
5 44.1 -l -l
6 > 60 ....

3 8.9 12 36
4 15.0 0 0

80W + 62N 4.5 34.5 O 0
5 > 60 ....

NOTE: In no casewas an error in GCP locationencounteredwhen the
GCP windowwas extractedfrom the neighborhoodin question,
Errorsourcesfor neighborhoodsand windowsderivedfrom
differentscenesinclude: a) scenephotometrydifferences,
relatedto the seasonalvariationin solarelevationangle;
b) changesin vegetationwith season(brownand greenwaves);
c) line lengthcorrectiondifferencesbetweentwo scenes,in-
volvingthe nearest-neighborhoodreplicatedpixeloccurring
in the featurefor onlyone of the two scenes.
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2.3.2 KalmanFilterPerformance

The precisionrectificationof an ERTS/MSSbulk imagerequiresan

estimateof the ERTSattitudetime-seriesover the timeintervalin which

the imagewas scanned. Suchan estimatecan be obtainedby fittingpoly-

nomialsto the sampledattitudedata on the Bulk ImageAnnotationTape

(BIAT). Unfortunately,an attitudetime-seriesobtainedin thisway does

not meetthe stringentrequirementsof precisionimagerectification.To

achieveimagerectificationon the orderof l pixel,it is necessaryto

knoweachattitudecomponentto within_.Ol milliradians.Accordingto

the ERTS Da_aUser'sHandbook(Reference(1)),the ERTSattitudemeasure-

ment systemis accurateonly to the nearestmilliradian.Clearly,some

adKitionalinformationis requiredto obtaina more refinedestimate.

Sincethe attitudedata availablefrom the annotationtape cor-

respondsto a limitednumberof values,the MSS programutilizesa Kalman

filterto updatethe initialestimatesof attitudecoefficientsusing

GroundControlPoints. When thisoptionis selected,the Ka,...anfilter

subroutineupdatesthe attitudecoefficientsgiventhe initialcoef-

ficients(statevector),the errorcovariancematricesfor each component,

and the differencesin GCP groundlocations(knowna priorilocationminus

thatcomputedfromthe bulk image).

The estimatorwas implementedon the CDC 6400computerusingdata

derivedfror,;ERTS/MSSbulk image,I062-15190(I068-35:BIAT).For the image

considered,it was shown thatonly 3 GroundControlPointsare required

to drivethe GroundControlPointpositionestimationerrorfrom 4.5

kilometersto less than80 meters. This resultsuggeststhat the esti-

mator is performingup to the resolutionalcapabilityof the MSS detectors.

GCP'swere selectedfroma listsuppliedby USGS and 7.5 minutequadrangle

maps providedby USGS.References(6) & (8) describeTRW's 2-dimensional

UTM observableestimator.Let the ERTSattitudetime-series(restrictedto

the imagetime interval)be representedby _ = (e_r,ep, ey) whose sub-
vectorcomponentsare compr!sedof setsof coefficientswhichdefine

polynomialrealizationsof the roll,pitch,and yaw timeseries. Let o

representhow well the groundtruthpointsare known.

)

4
t
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The prior estimate of o is derived from attitude-sampled-data on

the BIAT. Figures 2.4, 2.5, and 2.6 showthe results of least-squares

fitting ;st, 2nd, and 3rd order polynomials to each set of sampled-data.

These figures demonstrate the sufficiency of a third-order polynomial

representation for each of the attitude components.

Due to the unavailabilityof statistics,tilea prioricovarlance

matrixP(o) and the GCP locationaccuracieso(k), k=l,Z,...,were assigned

on a subjectivebasis. The selectionof P(o)was circumscribedby the

followln_ assumptions:

l) The componentsof e are uncorrelated.

2) The uncertainty in the zeroth order componentof e
(=dr,p,y}) is boundedby the attitude nNaasure_n_
uncertainty specified by NASA(1.2217 milliradians).

3) Uncertainty in the jth order componentof e
(j=1,2,3; a_{r,p,y}) does not exceed lO_ -0
of the absolute value of the component)s initial value.

On the basis of these assumptions, P(o) was taken to be diagonal with

2

(P(o))ii= S (i-l)mod(4)+l i=1,2,...,12

Sl _ 1.22173xi0"3 S2 = lO-7, S3 = lO-8) )

S4 = lO-lO.

For GCP'snot obscuredby cloudcover,o was assigneda valueof 30

meters.

The filterrepresentationshown.inthe appendixis thatof an

operationalimplementation.Classically,the stateu_ate )=v lt_en:

_+4EW= _OLD+ A(Z -_TRUE)

where A ts the gain matrix and the _ vectors are GCPlocatlol_s. The norm

• of the GCPresidual error, _ - Y-TRUE'was found to be a useful _ssure of
i filter stability. Intuitively, the normshould decrease with incraaslr(^

observations of GCP's tf e (estimate of _ is stable. Figure 2.6 tndic_s

thts behavior for lO GCP's.

• I

1974010896-028
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Another measureof e'_ stability is the behavtor of the zeroth
order error-covarlance terms as a function of observation number. Plots

I of the square roots of these functions (Figure 2.8}, exhibit a highlystable monotonedecreasing behavior which tends to be asymptotic to zero.

Notice that after lO GCP's, the roll and pitch estimates have converged to

within _ .O1 mtlliradtans of their true values, whereas the yaw estimate

converges to within _ .28 milltradians of its true va]uG.

Comparisonof the norms before and qfter filtering provide a measure

of the filter's worth. Before filtering there is a perststant error on

the order of 4.5 kilometers; but after filtering, the error is on the

order of 7g meters (1 ptxel), suggesting that the estimator is performing

to the ltmtts of the sensor IFOV and GCPlocation accuracy.

Figure 2.9 showsthe _',," _a¢..... y of the estimator as a function of the

numberof observations, k=l, 2, ..., IC. After the kth observation, the

resulting_(k) was used to compute_h_ normfor all observationsand a I

( mean standarddeviationwere computed(samplesize=lO). The plots in

Figure2.8 showthe resultsof repeatin_thisprocessfor k=1,2, ...,lO.

The figureshowsthatonly threeGCP's are requiredto correctthe

attitudetime-seriesto one GCP, sincethe attitudeuncertaintyis

zeroth order,as evidencedby comparingthe initialand finalestimates

of _ given in Figure2.7.

2.3.3 Pseudo-ReseauGridModelingErrors

Correctionsfor geometricdistortionsin the MSS imageare obtained

by calculatingexactcorrectionsfor a subsetof imagepoints(pseudo-

reseaupoints)and applyinga piecewisebilineardistortionmodel to

determinecorrectionsfor all other points. The accuracyof the piece-

wisemodel increasesas the numberof pseudo-reseauxis increased; how-

ever,processingtimealso increases.The relationshipbetweennumberof

pseudo-reseauxand positionalerrorwas investigatedto permitselection

of pseudo-reseaugrid sizeto meet a desirederrorcriterion.

..\
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The MSSPass I programwas modified as follows:

l) The GroundControl Point (GCP) and Kalman filter
routines, ordinarily used for attitude refinement,
were deleted. ':

2) A provisionfor inputting"testpoints"was added
(a test pointis a pixel for which the error is to
be determined).

3) The exactprojectionof each testpointonto the output "

spacewas determinedusingthe existingsubroutines.

4) An additionalsubroutinewas added to performthe bilinear
interpolationfor arbitrarypixellocations.

5) The differencebetweenthe exact projectionand inter-
polatedpositionof each testpointwas takenas the

-i error. _

6) Summarystatisticsfor the errorsare calculated.

Modelingerror_were studiedby (1) systematicallyscanningthe image :

to locatethe _ctualmaximumerror; and (2) randomlyselectingtest points

(N=200)to obtainfrequencydistributionsof errorsas well as valuesfor _

mean errorsand standarddeviations.Severalmeasureswere calculated:

mean error,meanabsoluteerror,maximumerror from the systematicscans,

maximumerrorfrom the randomselections,errorstandarddeviationa,

mean absoluteerror+20, and the errorfrequencydistribution.Errors

weremeasuredseparatelyin the lineand pixeldirections.
,v

The principalresultsare shown in Table 2-3 1or pseudo-reseaugrid .,.

sizesrangingfrom 5 x 5 to 13 x 13 points. If a maximum(worstcase) I

allowablepositionerrorsare on the orderof 0.5 pixelor 0.5 line,the 1
!

resultsindicatethata 9 x g pseudo-reseaugrid is required. Further,

it seemsunlikelythata grid smallerthan 7 x 7 (maximumerrorson the

orderof l.O pixelor line)or greaterthan II x II (I00%of errorsless

than0.4 pixelor line)would be considered.Notethat meanabsolute

errorsare substantiallysmallerthan the maximumerrorsand that the

absoluteerrormean +20 values(_ 20 about the _ean is a 95% confidence

I _ limit,assuminga normalerrordistribution)agreefairlywellwith the

actual maximumvalues obtained, whether from the randomselection or

systematic scan methods,

1974010896-036
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Table 2-3. PositionError Datafor Scene 1057-18172

"PSEUDO-RESEAU ERROR _ MEAN i MAXIMUMERROR MEAN
GRID SLZE* TYPE IABSOLUTEi o (RANDOM/SYSTEMATIC) +
(AS) x (SA) I ERROR' 20

! ,
5 x 5 PX j .40 .49 1.26 1.38

LN I .43 .55 1.28 1.53
I

7 x 5 PX ! .21 .26 0.64 .85
LN i .41 .51 1.26 1.43

= I
i

7 x 7 PX I .23 .26 .54 .75
LN i .22 .28 .73 .78

7 x 9 PX i .21 .26 .79 .73
LN I .ll .15 .39 .50

9 x 7 PX ; .13 .13 .39 .39
LN : .22 .28 .71 .78

Ii9 x 9 PX .14 .16 .55 .46
LN .12 .15 .39 .42

i

C

< II x 9 PX .ll .14 .47 .3g
LN .ll .14 .39 .39

ll x ll PX .14 .ll .33 .36
LN .09 .10 .38 .29

13 x 13 PX .08 .lO .29 .28
LN .06 .08 .26 .22

i

NOTE: Griddimensionsare givenas Along Scan (AS)x Scan Advance(SA).
Errorsare given in the Along Scan (PX)and ScanAdvance(LN)
directions.

()

I
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(The_ valuewas obtainedfrom the algebraicerrorvalues.) The larger

maximumrandomerroror maximumsystematicerror is shownin Table 2-3.

A plotof the mean absoluteerrorsand maximumerrorsas determined

fromthe randomtestpoint runs is shown inFigure2.10 for scene I057-18172.

i The actualnumberof reseaublocksin the scanadvanceand along scan

: directions_s givenon the abscissa In somecases thereare several

pointsfor a givennumberof reseaublocksas a givennumberof blocks

: in one directionwas repeatedwhile the numberin the otherdirection

was varied(e.g.,7 x 7 and 7 x 9 cases fromTable 2-3. The along scan

pointsshowmorK;variabilitythando the scanadvancepoints,indicating

thatalong scaninterpolationerrorsfor a givennu_3erof along scan

blocksmight be more sensitiveto the numberof scanadvanceblocksthan

viceversa. These curvescan be used to predict(approximately),the

error valuesfor reseausizes not includedin this study.

Three grid sizeswere run for a secondpicture, sceneI057-16375.

The resultsindicatethat the pixelerror is about the same as for

scene1057-18172,but that the lineerror As greatlyreduced. In general,

maximumerrorswere foundat the imagecorners. Withina pseudo-reseau

block,maximumerrorsusuallyoccurredin the vicinityof the centerof

the block.

Other variationswere tried,includingan azimuthalrotationof

0.5°, and an offsetin the inputgrid originfromwhich the pseudo-reseau

! pointsare specified. None had an effecton errorvalues. In summary,

acceptableerrorscan be obtainedwitha reasonablenumberof pseudo-

! reseaux. The selectionof a reseaugridwill dependon the errorsize
that is acceptablefor a givenpurpose; a 9 x 9 gridwould seemto be a

good choicebasedon the imagesstudied.
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2.3.4 Pass I Pr(cision

Using the resultsof the previoussections,it is possibleto

establishan error budgetfor the Pass I process. This budgetis sum-

marizedin Table 2-4. Error sourcesmodeledby the Pass I softwareele-

ments include: spacecraftaltitudevariationswithina frame; spacecraft

attitudevariations(roll,pitch,yaw) withina frame,earth rotation;

spacecraftvelocitychanges; finitescantime effect; scanmirrorvelo-

citynonlinearities;perspectivecorrections;and bias errorsdue to

MSS alignmentto AMS.

Notethat the GCP extractionerror,while listedin the table,is

not includedin the computationof the RSS/RMSerror. It is excluded

sincethe GCP extractionerrordirectlyrelatesto the Kalmanfilter

error--thefilterwilldo no betterthan the GCP extractionaccuracy. As

a consequence,the Pass I RSS error is 1.12 pixelsand the Pass I RMS

erroris 0.79pixels.

Table2-4, Pass I Error Budget

PASS I ELEMENT MAXIMUMABSOLUTEERROR

(Pix_Is)

GCP Extraction l.O

Kalman Filter l.O

Pseudo-Reseau Modeling 0.5 i

RSS 1.12

RMS 0,79 :

: !
t

!

d t
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2.3.5 ProcessedImagery

Typicalof MSS imageprocessingperformanceis sceneI062-15190,

containingthe citiesof Baltimoreand Washington,D.C. Figure2-11

showsthe bulk imagefor bar,d 5 (red),the originalnegativefor wnich

was reproduceddirectlyfromNASA-suppliedbulk CCT data,with no cor-

rectionfor aspect. Figure2-12 is a NASA precisionprocessedimagefor
-%

the samesceneand band. The lossof informationproceedingfrombulk

CCT data to the NASA productis quite evident,and shallbe made even

clearerby the followingfigures.

Figures2.13and 2.14 showa detail(forbands 5 and 7, respectively)

resultin_fromTRW's precisiondigitalprocessingtechniques_nd TRW's

CubicConvolutionProcess. The detail(scale_ l: 571,000"*)is centered

aroundthe city of Baltimoreand its harbor. This regionwas selected

insteadof Washingtonbecauseof the richnessof detailand becausesilt

in the Potomacresultingfrom stormactivityreducedland/watercontrast

significantly(in the visible).

It is evidentfromFigure2.14at once that thereis a considerabie

amountof detailin the digitallyprocessedproduct. Notefor example

the runwaysof Baltimore-WashingtonInternationalAirport(Friendship

International),whichare not e,identin the NASA-precisionproduct,an

enlargementof which (band7) is shown in Figure2.15.

AdditionalMSS imagerywas previouslyprocessedand reportedon in

the first6-monthreportfor thiscontract(Reference(8))andin Refer-

ence (5). Comparisonsbetweenand analysesof threeresampli_!]methods

are containedin Section4 of thisreport,References(8)and (9).

The originalfor this imagewas createdas a contactnegativefrom the
NASA-suppliedpositive9 I/2 inchtransparency,

**
On the ori_jinal negative lOOu = 57.098765m.

I
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Figure 2.12. NASA Precision Product for Image I062-15190-5

J
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2.3.6 Throughput

Table 2-5 summarizesthe throughput characteristics for the several _

Pass-! MSSmodulesand the Pass-II algorithms implemented in FORTRANon

TRW's6400. Times are given as central processor seconds. Pass-[ executes

under 17 secondsexcluding GCPrefinement, and less than 1 minute with

GCPextraction and refinement (3 GCP's). The Pass-I! software, operating

on an image of 106 ptxels, requires 52 secondsfor btltnear Interpolation
and 110 secondsif the TRWCubic Convolution Process is selected. The

: Pass-II nearest-neighbor interpolation requires about 30 seconds/]O6

• pixels.
I

Cursory extrapolation of these numbersto a minicomputer indicate
that Pass-I should execute as fast or faster than the CDCFORTRAN

1 '

implementation. The bulk of the computing load, however, is in the ,l /

Pass-II process; minicomputer throughput for the btlinear software is

estimated at less than 5 minutes/MSSimage, while the TRWCubic Convolu-

tion Processis estimatedto requireless than lO minutes/MSSimage. :

Table 2-5. ModuleThroughput

ELEMENT CPU TIME (sec)

PASS-I

I. Attltude/ephemerlstime-
- seriesfittings; distortion 16.1

coefficientcalculation

2. GCP exptractlon)perGCP 14.2

3. Kalmanfllterrefinement 4.1 '
(15 GCP)

PASS-II (106 Ptxels)

1. Nearest-neighbor 30
()

2. BIIInear 52

3. TRWCubic Convolution llO

] 9740] 0896-047
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3
RBV DATA

PROCESSING

3.1 INTRODUCTION

The Return BeamVtdicon (RBV_camera subsystemcontains three _"

individual cameras that operate in different nominal spectral bands. The

measuredspectral response of the three cameras is shown in Figure 3.1.

Each camera contains an optical lens, a shutter, the RBVsensor, a themo-

electric cooler, deflection and focus coils, erase lamps and the sensor

electronics. The camerasare similar except for the spectral filters con- il
tatned in the lens assemblies to provide separate spectral viewing regions,

The sensor electronics contaln the logic circuits to program an_ coordinate :_

the operation of the three cameras as a complete integrated system and :

provide the interface with the othe;" spacecraft subsystems. :,

The three RBVcamerasare aligned tn tt_e spacecraft to vtew the same :_

nomtnal 185 kilometers (100 nautical mtle) square ground scene as depicted

tn Figure 3.1. Whenthe cameras are shuttered, the imagesare stored on the :

RBVphotosensitive surfaces, then scannedto produce video outputs. The _

three camerasare scanned in sequenceduring the last 10.5 secondsof the

basic 25 secondpicture time cycle. The video from each ts sertally cos- ;_

btned with injected horizontal and verttcal sync. The readout sequencets
camera3, then camera2, then camera1.

The dtgJtal reduction of the RBVdata tnvolves the following proces-

sing:

e Search for and measure positions of reseaux

e Perform a polynomial fit to measuredreseau positions

( and extrapolate positions of lost reseaux
e Search for ground control points and measuredisplace-

ments from nomtnal positions
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i Computegridof pseudo-reseauxpositionsat I13 pixel
intervalsbasedon bi-quadraticcoefficientsdetermined
fromdisplacementsof g nearbyres_aux,and groundcon-
trol pointdisplacements

• Computepiecewisebillneardistortionceofficientsfor
intervalsbetweenpseudo-reseaux

• Resampleentiresceneon a regularoutputgrid (seeSection
2.3.5for discussionof resamplingtechniquesused in this

' study).

; Becauseof the largeamountof digitaldata in each scene,those

i: processesinvolvingcomparisonsor interpolationat individualpixel levels

have beenanalyzedand codeQfor highefficiency.The searchfor the

reseaux,the searchfor the groundcontrolpoints,and the finalresampling

• requireplxelby pixel treatmentof largesegmentsof the data. As a re-

sult, sophisticatedanalytictechniqueshavebeen usedto reducethe number

of pixelshandled(i.e.,the searchingis made efficientby using as much

informationand insightas possible).

3.2 APPROACH

3.2.1 ReseauExtraction

The reseaumarks for an RBV frameare placedin a g x 9 array on

the RBV tube so as to be superimposedon the RBV image. Theyare placed

with an accuracyof 3 micrometersor I/4 pixelaccuracy. The RBV face-

placereseauxhave threepossiblelocations: (1) intended, (2) nominal,

(3) measured(found). The intended loca¢ions of reseaux lie on a regular

•_ gridand representthe desiredpositions. Due to Imperfectionsin the

processby which theyare createdon the faceplate,theiractuallocations

are slightlydifferentfrom the intendedlocations. Calibrationdata

,, supplied by NASAcorresponds to the nominal reseau positions. The loca-
=

ttons actually found as a result of Pass 1 processing are denoted as
/

measuredpositions. In addition,referencelocationsin the outputcor-

recte<limagecorrespondto regulargrid locations(verycloseto the in-

, tended grid positions) wtth respect to which the Pass 2 coefficients are
defined,

• The nominal displacement in each coordinate is les_ than 1 pixel;

the measureddisplacement is normally less than 3% or 120 ptxels. The

: dimensions of the entire RBVframe is 4125 lines with 4608 plxels per
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line in bulk format.

For each reseaua 240 x 240 pixelneighborhoodis calledfrom disk

storage,with the intendedreseauIccationat the centerof the neighbor-

hood. In searchingfor the reseau,a neighborhoodis dividedintoblocks

of 15 x 15 pixels. Excludinga band 15 pixelswide at the edges of the

neighborhood,each block is searchedto see if it containsthe centerof

the reseau. Becausea reseauis 32 pixelswide,32 pixelshigh,and

4 pixelsacrosseacharm, the centermust be at least16 pixelsfrom the

edgeof the neighborhoodfor the whole reseauto be containedin the

neighborhood.Therefore,the centercannotbe in the outer 15 pixels,and

only the innerblocksof the neighborhoodneed be searchedfor the reseau

center.

The order in which the blocksare searchedis determinedfirstby

the block in which the lastreseauwas found. If this blockand those im-

mediatelyadjacentto it fail to containthe reseaucenter,then a spiral

patternof blocksis searched,movingoutwardfrom the intendedreseau

location(skippingthosesearchedin the firsttry nearthe block pre-

dictedfrom the previousRBV image). Beforea block is searchedfor the

reseaucenter,the borderof the block is examinedto see if any edge

of the blockfails to havea blackpixel (checkingeveryotherpixel). If

the centerof the reseauis insidethe block,thenat leasttwo adjacent

pixelson each edgemust be blackbecauseone of the reseauarmswill cross

it. The blockis not searchedif it cannotmeet this test.

To searcha blockfor the reseaucenter,a check is made of every

secondpixel in alternaterowsfrom the top to the bottomof the block.

When a pixel is foundto be black,thenpixelsat locations_ 12 and _ 6

in bothcoordinatesare also checkedto see if theyare black. (Notethat

only the centerpixel is requiredto be in the blockbeing searched. Some

of the surroundingpixelstestedwill be outsidethe block,but still in-

sidethe neighborhood.Hence,theirintensitieswill be available.)

After a candidatecenterhas passedthe searchcriteriadescribed,a

( shadowcastingroutineis used to determinewhetherthe real reseaucenter

is within_ 2 plxelsof the candidatecenter. Onlya 27 x 27 pixelreseau

is sought(thatis, the sums for the shadowcastingInclude27 plxels),
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sincethe outerpixelsm_y be lost in distortions,and so that the

reseauwill be detectedeven if the candidatecenteris displacedas

muchas two pixelsfrom the truecenter. A set of 13 line sums is

i made in each coordinate,centeredabout the candidatecenter. Seven

sumsare consideredin the searchfor a minimumintensity,while the :-

outer6 sumsare _vailablefor informationon the background. If one of

the sums in each coordinateis belowan input threshold(27 x IT) and if

all of the sums threepixelsaway from it are at leastan input increment

• (IDEL)greater,the reseauis found. The thresholdincrementIT_NC (=7)

for IT (=3)is cumulateduntil th_ sum of IT+ITINC'sexceedsITOP if a i

reseaudoesnot passthis test. No more than 3 iterations(ITOP=I7)were _

requiredin this study,and no false alarmswere encountered.

The precisecenterlocationis then foundby a threepoint interpola-

tionaroundthe minimumsum in each coordinate. Finally,the nominal

displacementis subtractedfromthe measureddisplacementto obtain

, the distortioncorrectionto be appliedat the intendedreseaulocation.

The knownreseaudisplacementsare used to find the coefficientsa,

! b, for the globalthirdorderpolynomial:

i 3 3-i xiyi ^ -I! _x =_-_. _E] aij a = (ATA) AT6x
I i=oj=o
I
i
•" _1

; _Y = _ _-i bij xiyj _ = (ATA) AT6y
i=oj=o

J

All reseaudisplacementsare then predicted. The known reseau

displace_a_tsare testedto see whethertheydifferan unacceptable

amount(TH)from theirpredicteddisplacements.Those rejected,and

thosenot foundoriginallyare assignedthe p_'edicteddisplacementvalue.

._ An optionpermitsthe recomputationof the predicteddisplacements

with the rejectedreseauxeliminatedfrom the coefficientdetermination

(an iteration). In thiscase, any additionalreseauxthatfail to be

closeenoughto the recomputedpredictedvalueare simplyassignedtheir
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predicted value.

; 3.2.2 GroundTruthComputationfor Attitudeand EphemerisError .

Because of vehicle attitude and position uncertainties, ground

controlpointsare located. Their displacements(6xi, 6yi, i=l,N) on
the RBVimage, are used to solve for the corrections to vehicle position
and attitude:

6xo

6YoJ
!

B = n
R.

i

PI

y J
I _,

H

where 6xo, _Yo' _H are positionerrorsalong-track,cross-track,and in .

attitude,and oR, ep, Oy are departuresfrom nadir in the roll,pitch,

yaw coordinates•InputesestimatesBo for B, and its inversecovariance
matrix,Sl, obtainedfrom the ephemeristapedata,are combinedwith the

) solutionfromgroundcontroldisplacementsto yield a bestestimate,B !
i of B:

^ MTM MTow Bo ' :: i B = ( + SI)"l ( + Sl ' ), _

• I where I ;• i

i _x1

' _W = 5xW

' _Yl

o :

i

SYW ,_
w
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and where the rows of M are:

2

Mi : [I, O, (Hx _ x--9-u HX-, H, xH, ]

for 1 < i < n, and for n+l < j < 2n

2

Mj = [0, I, (Hx HXR-, x__UUH,xH, H_]

The search for the ground control points requires a fast and simple

means to recognizeknowngroundfeatures. The methodof Reference(3)

has beencoded,wit_modification,to allowthe irclusionof a set of

prioritypixel pointsfor comparisonbeforethe comparisonof random

points. A windowof dimension32 x 32 pixelsabout the desiredground

controlpoint,is assumedfor the givensite. As many as 50 pixels

withinthe windowmay be enteredas specialprioritypixelsfor scene

recognition.A neighborhoodof 120 x 120 pixelsoff the RBV image is

takenfromdisk storageto comparewith the window. By knowingthe

reseaudisplacementfor a nearbyreseau,the displacementof the ground

controlpointon the RBV imagefrom its nominalpositiondue to distortions

can be predicted,and the residueof attitudedisplacementand ephemeris

errorcan be limitedto +60 pixels). A largerblockof data is stored

in the initialstrippingof data off the bulk tapes (300x 300 pixels),

and the predicteddisplacementused to enter the largerblockto obtain

the 120 x 120 pixelneighborhood.

In brief,the techniqueused to recognizethe groundcontrolpoint

involvesrepeatedcomparisonsof the windowwith subsetsof the neighbor-

hood. Each comparisonis made until the summedresidualsbetweenthe

comparedpixelsin the windowand the subsetexceeda threshold. The

numberof pixelscomparedbeforereachingthe thresholdis usedas a

mea3ureof the goodnessof fit betweenthe two scenes, The threshold

is an increasingone, basedon the expectedresidualsdue to noise. Both

the windowintensitiesand the subsetintensitiesare normalizedbefore

differencingto obtainthe residuals. The order in which pixelsare com-

paredis as follows: Firstthe prioritypixelsare compared,and thena

randomorderof pointse_tablishedone for all subsetcomparisonsis

i97401089G-054
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followed. The randomnessassuresthata varietyof informationis used

to measurethe fit.

The summationof normalizedresidualsis as follows: •

(si- -wi-Q)

where Si is the intensityfor pixeli in the subset,Wi is the intensity
for pixel , in thewindow,S is the mean intensityfor the subset,and

is the mean intensityfor the window. SubroutineNORMALcomputesA and W.

SubroutineRAND assignsthe orderof i. SubroutineSURFACperformsthe

comparisonsand keepstrackof the subsethavingthe largestnumberof

comparisonsbeforeexceedingthe threshold. The thresholdis basedon

the resultsof Reference(2) and may be _rittenas:

JT = 9 x NOISE+_ NOISE
i

and is easilycomputedby a singleadd for each comparison.NOISE is the

mean of the imagenoise.

The normalizationprocessrequiresthatS be recomputedfor each

subset, This is accomplishedby incrementingthe previousvalueto

avoid (32)2 additions.

3.2.3 Pseudo-ReseauGrid Generation

In a study performedby TRW prior to thiscontract,modelingerror

analyseswere performedfor piecewisebiquadraticand piecewisebilinear

distortionmodels,and globalthirdorderand biquadraticinterpolationwas

foundto be most efficienta_d accuratefor the RBV problem. For the error

_F_, resultingfrom the interpolationstatisticsthemselves,due to spatially-

_: uncorrelateddistortionsand reseaumeasurementerrors,the piecewise}

biquadraticmethodresultsin a ratioof ¢,'rorin interpolationto error

¢
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in reseauposition,o/oR, of I for pointsinternalto the grid and 5 at
the corners. Figure3.2 showsgraphicallyhow the ratiovariesover a

scene. For example,if the errorin measuringreseauxis I pixel,the

internalerrorfor the interpolationwould be I pixel,and the errorat

the edgesand cornersof the scenewouldreach 5 pixels,resultingfrom

the piecewisebiquadraticdistortionmodel usedto obtainpseudo-reseau

positions. (Thisbiquadraticmodel is the major errorsource).The

sensitivityof the piecewisebiquadraticto modelingerrorsfor I% first-

orderpincushion,0.2%second-orderpincushion,and 0.5 pixell-sigma

randomdistortion(a bad set of distortions)will resultin errorsof:

Up to l pixelat cornersof scene

Up to I/6 pixel internalto scene

1/4 pixelRMS errorover all of the sc_ne

The othermethodstestedproducederrorsas much as ]b _imeslarger.

To utilizebilinearinterpolationof distortionsto computethe geo-

centriccorrectionfor eachpixel,a pseudo-reseaugrid is computedusinga

globalbiquadraticpolynomial.The polynomialpredictsthedisplacement

for pseudo-reseaJxplacedevery If3 pixelsbetweenthe reseaux,which are

at 452 pixel intervals.At the outeredgesof the reseaugrid,two rows

of seudo-reseauxare extrapolated.Ninereseaupointsare usedat a

time to obtainthe pseudo-reseauxcontainedbetweenthem and on the outer

borders. Figure3.3 showsthe 16 reseausubregionsof 9 reseauxeach

used to computepseudo-reseaux.The originalreseaupointsare included

in the 37 x 37 mtrix of pseudo-reseaupointspreparedfor the finalbi-

linearinterpolation.

The coefficientsfor the globalbiquadraticfit are containedin:

2 2

: xiyi ^_R _E_ _E_ aij =aA

i=0 i=O

and are computedfrom
^ /

a = A"I 6x

I
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Figure 3.3. ReseauSubregtons

Intended locations of reseaux define border of regions, with 9 reseaux
In or on the border_f eachregionfor use in blquadratlcinterpolation :'
within the region. The measuredreseau displacement minus the nominal
displacemen)Is assumedto applyat the intendedreseaulocation,
For the tJ_n reseau, the intended location is

Mx = 452t-2260

My " 452j.2260

" T - - ___ ......... ,m
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• I where the A matrix has rows

2 2 2 2 2 2
[l,x,x ,y,xy,x y,y ,xy ,x y ]

^

one row for each of the nine reseau locations, and a is a vector contain-

Ing the n|ne coefffctents, afj, of these terms. The quanttty 6x ts the
, displacement in x at the reseau point. A stmtlar equation ytelds the y _

displacement coefficients:

' t=0 t=0 "_

These a and b coefficients are computedby the rout|he entttled SUBREG.

The BIQUADroutine uses them to compute the displacements for all the

subreseau points. Corrections for earth curvature and satellite attttude

are supplled to SUBREGby the INCORProutine. By applying them at thts

level, ttts posstble to use an adequate secondorder model wtthout the

htgh cost computattona]ly of a later correction to the 40962 ptxel potnts.

Nhere ground control points are used, the GTRUTHsubroutine provtdes an

attttude correction vector to INCORPresulting from a combination of at-

titude and ephemeris predicted data wtth the ground _ruth observations.

Whenthe ground control potnts are not found or are klot available for

that RBVframe, GTRUTHprovtdes the attttude correction vector based on

attttude Instrumentation and ephemeris data only.

3.2.4 Btltnear Cpefftctent

Ustng the displacements computed for each subreseau potnt, sub-

(-'_ routtne L]NCOcomputesthe 8 coefficients (4 for x and 4 for y interpola-
" tton) requtred for the b111near distortion model for pseudoreseau

potnts.

'; _ ',, '[ "' I[ ' '
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The coefficients are defined by:

m . mw

1"6Xl _ Xl XlYl Yl Ax

_x2 = 1 x2 x2Y2 Y2 Bx

6x3 1 x3 x3Y3 Y3 Cx

6x4 1 x4 x4Y4 Y4 Dx _
m m n g

&

The abovemay be simplified by noting that (xl,Yl), (x2,Y2), (x3,Y3),

and (x4,Y4) are corners of a square with sides of 113. (x3=x1 , y2=Yl ,

x2-x1+113, etc.). An analyttc inversion of this set of equations for
the coefficients:

( •
1 (6x4 + 6x1 . _x3 . 6x2)Cx "

Bx = _I (6x2 " _Xl) " Cx Yl _,

Ox = _I (6x3 . 6xi) . Cx Xl -_

Ax - x1 - Bx_1 - CxXlY1 - OxY1

For y: Cy, By, Dy, Ay are obtainedby a.logous expressionswith 6xI

replacedby _YI" ..

These computationsare made in subroutlneLINCO.

3.3 RBVDATAPROCESSINGRESULTS

Due to the shutdownof the RBVsubsystemshortly after ERTS-1

launch, processing priority was shifted to HSSdata although considerable

progress Md been madedurtng the pre.launch study phase to modify T_
algorithm to accommodatethe RBVdata. The software was found to be

nearly adequate the ftrst ttme tt was uttltzed and only mtnor modtft-

• cation was _qut_d.

1974010896-060
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Htth respect to reseau extraction, no measurable posttton errors

were found, and no false detections were encountered. Averaqe CPUttme

for reseau extraction was found to be 0.415 seconds, Including cases of

threshold Iteration (no more than two such Iterations were requtred for
reseau) ':any • :=

GCPextraction software performance has already been discussed in

Sectton 2. Throughput performance for the RBVsoftware ustng a CDC6400
computer ts summrtzed tn Table 3-1.

Table 3-1. Hodule Throughput _,

Element CPUTtme .;_

PASS1

1. ReseauxExtraction 33.6 sec
(81 Reseaux)

-- 2. Distortion
Coefflclent Celculatlon 10,1 sec

PASSII (Per Band)

Nearest Net_hbor 8.4 mtn
B111near 14.6 mtn

TRHCublc Convolutlon 30.8 mln

The tmage 1002-18134-1 ts typtcal of RBVprocessing results. Ftgure

3.4 Illustrates the NASAsystem corrected tmage. Ftgure 3.5 showsa

detet1 960 ptxels by 1130 11nes reproducedon a 11ne prtnter from the

bulk CCTs. Ftgure 3.6 showsthe subregion followtn!, precision dtgltal

processing by mans of the methodsdescribed earlter In thts sectton.

Ftgure 3.7 showsthe corresponding detat1 from the NASAsystem corrected

tmga. Sectton 4 contatns results for vartous resampltng comparisonsand i

() .lyses.

q
• , - ] "
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Figure 3.4 S_stem CorrecCed RBV Image 1002-18134.1
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Figure 3.5. DeLail ',Y,,,". ,",,,;, l,, '-1,':13,1..1 Bulk Pata

This figure is a photo rr,_u, t_,m _ line printer outputs. The
hash marks runnir 9 vort _,.'ll_ ,,,},',,,,,,nt po,,itio,_ indicators; they
are not in the procr_,,(,JJ._L.. ,,
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Figure3.6 DetailfromTRW PrecisionProductfor ImageI002-18134-I

I
i
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Figure 3.7. Detail for F!ASASystem Corrected Product for Image 1002-18134-I
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[ RESAMPLING

; COMPAR I SON S

A significantproblemin correcti;igbulk-imagedata is the generation

of imagedatafor pixel locationsother than the sampledlocations. There

are two ways to correctimagedata a_'terdeterminingthe necessarygeo-

. metricand radiometriccorrections:(1) Move the sampledpixelsaround,

(e.g.,EBR beampositionmodulation);(2) interpolatethe pixelvalues

aroundthe desiredlocation("resampling").T'

TRW has employedthe latterprocess,which in contrastto the former

producesa digitaldata streamas the outputproduct. The inputto the

resamplingprocess,which 'isthe secondpass processindicatedin Fi§ure1.2,

consistsof the fileof distortioncoefficientsfor 64 piecewisebilinear

distortionregionsand the reformattedbulk imagedata. Conceptually,the

' Pass-IIprocessconsistsof reconstructingin its entiretythe corrected

: (rectified)imageand then samplingits intensityvaluesat predesignated

positions(lines/pixels)withinthe bulk image. It shuuldbe clearly

understoodthatat no time is the inputimagedataphysicallydistorted.

The powerof the resar,lplingmethodbecomesclearwhen it is realizedthat

• completeflexibilityis affordedin the matterof pixelspacingsand line

spacings(independently),thusmakingpossiblethe customtailoringof

the correctedimageto any applicationand/orhardwareconstraints.

The resamplingmethodis implementedby means of an interpolation

process. One-dimensionalinterpolationof band-limiteddigitaldata is of

the form:

I(xi)=_E_ I(Uk)f(xl'Uk)

uk

whereinf(x) is the interpolationkernel,xi is the argument(pixelloca-

tion)chosenfor the resampledfunctionI, and the set of uk is the set of

argumentsof the availabledigitaldata I(Uk),that is, the bulk data

values. Three kernels,correspondingto: (a) nearest-neighborinterpola-

' i
I
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, tion; (b) bilinear interpolation; and (c) TRW's Cubic Convolution Pro-

cess, are shown in Figure 4.1 for one dimension. In the ideal band-

limited case f(x) is of the form sinx/x, which TRW hasapproximated by T

the cubic spline function of Figure 4.l-c.

Nearest-neighbor interpolation involves choosing the value of the

pixel closest to the desired pixel location as the interpolatedvalue,

as shown for one dimension in Figure 4.2. Only one pixel value of the

bulk image is required for each interpolated value, and only original

values are used. The algorithm is thus very fast. Note however that

errors accumulate in finite (_ I/2 pixel) increments and thus will

result in l pixel offsets throughout the corrected image.

Bilinear interpolation,also shown for one dimension in Figure 4.2,

utilizes a bilinear combination of the four closest pixel values to pro-

duce a new, interpolated pixel value. The smoothing effects of bilinear

interpolation preclude the one pixel offsets characteristic of nearest-

neighbor interpolation. On the other hand, this smoothing effect causes

some image degradation in the form of edge smoothing and loss of

maxima/minima fidelity. Also, the algorithm is inherently slower, inas-

much as a new pixel value must be computed from four other values.

In contrast to nearest-neighborand bilinear interpolation,TRW's

Cubic Convolution Process requires the values in a grid of 4 pixels x 4

lines about the point at which the interpolated value is desired. Thus,

both slope and value continuity properties of the function to be re-

sampled are preserved (as expected on the basis of its approximation to

ideal sinx/x resampling). As a consequence, high resolution with minimum

distortion results, with some penalty in CPU time compared to bilinear

interpolation. It will be seen, however, that reasonable CPU times have

been attained by TRW.

A _omparison of performance is given in the error histograms of

Figure 4.3. A reference image was generated by 900 point sinx/x and

differenced pixel by pixel with the same image processed by lO0 point

( slnx/x, 16 point TRW Cubic Convolution, 4 point bilinear interpolation

and 1 point nearest-neighborinterpolation. The error histograms shown

! in the figure indicate the clear superiority of TRW Cubic _onvolution,

i
L

J i _.
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f(x)

r X

-2 " 0 2

(a)

l _fCx)

1

I

• -2 -l 0 l 2 x

: (b)

':_ 2 3

' l-2!xl+ Ixl if 0:_ Ixl • 1
_ 3

f(x) = 4-81xi+ 51xl - IxI if 1 -_..Ixl 5 z

: Otherwise

l'

.... llbX

: -2 -I 0 1 2

(c)

Figure 4.1, Three InterpolationKernels. The threekernelscorrespond
to (a) nearest-neighbor interpolation, (b) bilinear
interpolation,and (c)TRW's CubicConvolutionProcess,

I
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(

Figure4.3. ResamplingErrors
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whichgeneratedonly one pixel (outof 49,600)withan errorgreaterthan

kO0 point sinxlx, TRW's CubicConvolutionProcessgave the lowestrms

errorof the fourconsidered.

Examplesof imageryproducedby the nearest-neighbor,bilinearand

TRW CubicConvolutionProcessare shown in Figure4.4: the bulk image

in the upper left,and the processedimageusingnearest-neighborinterpola-

tion (upperright),bilinearinterpolation(lowerright),and TRW'sCubic

ConvolutionProcess(lowerleft). Note the many one plxel imagedis-

continuitiescharacteristicof nearest-neighborinterpolation,particularly

evidentfor the road intersectionin the upper leftcornerof the pro-

cessedimage. Bilinearinterpolation,on the otherhand,eliminatesthese

discontinuities,at the expenseof imageresolution.Finally,the image

processedby the CubicConvolutionProcessshowsnoneof the nearest-neigh-

bor imagediscontinuities,and no lossof resolution.Figures4.5 and 4.6

more clearlyshowthe differencesbetweennearest-neighborand the TRW

CubicConvolutionProcess,respectively,reproducedby a filmwriter.

Spatialfrequencyanalysesbasedupon the powerdensityspectrafor

pracessedERTS datahave alsobeen performed. Figure4.7 was chosenas

a typicalimagedetail(sceneI062-15190-5),lO0 iinesx 128 pixelsin

the correctedimage. Thisdetailshowr the intersectionof I83 (Jones

Falls Expressway)and 1695 (BaltimoreBeltway),and is reproducedfrom
*

lineprinteroutput. UsingTRW's FastFourierTransformProcess,line

powerdensityspectrawere obtainedfor the detailand thenaveraged

(spectralcomponentby spectralcomponent)over all lO0 lines. Thiswas

. done in turnfor nearest-neighbor,bilinearand TRW'sCubicConvolution

Process. To eliminateleakagedue to a largedc component,the mean was

removed,paddingzeroswere added to the data and a HammingWindow (cosine

taperat the imageedges)was employed.

The resultsare plottedas a functionof ]wl (rad/meter)in Fig-

ure 4.8. The low frequencycontentsof threeresampledimagesare very

( _ A dot matrix 3 dots on a side permits use of 10 gray levels for
each ptxel.
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Figure4.4. CorrectedImageDetailforThreeInterpolationAlgorithms
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(-_ Figure 4.7. Detail of Prec4ston Processed lp62,15190.,,5

Thts 11no.printer output showsthe Intersection of I83 a_d I6g5,
resulting from TRNCubtc Convolution P_ocesstng.
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Figure 4.8. PO_R SPECTPJU,DOISITY : AVERASEDFOP.100 LIMS

The foldlnfl frequency ts denoted iky wF, end the
21 rllldllln/IItlrfrequency Intervll_,

0
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nearly the same. ,However, that corresponding to the TRNCubic Convolution _:
t

Process contatns more htgh frequency componentsthan btllnear resampled

: tmges. This ls an expected result due to the smoothing nature of bt-

i 11near Interpolatlon. The nearest-nelghbor processed Image is not greatly
different from the TRWCubic Convolution (bear tn mind, the small relattve 4

po_er at the htghest spatial frequencies),
: 6

Another way of comparing the three resampltng techniques ts to t

generate three imagesshifted one-half ptxel for the scene of Figure 4.9

(bulk data) by the use of nearest,neighbor, btltnear and TRWCubic
/

Convolution Process, respectively, The power density spectra of the three .

shifted images were computedby again averaging over 100 11nes, Results,

plotted In Ftguee4.10, show that the power density spectrum of nearest-

neighbor eesampled images ts Indistinguishable from the power spectrum of

the ortgtnal bulk tma;: since a 11near shift of half ptxel by meansof

nearest-neighbor resampltng should preserve the image samples and thus the

( statistics. The btlinear resampled tmage suffers the loss of high frequency

componentsbecause of the smoothingeffect of btlJnear reconstruction, The

power density spectrumcorresponding to TRW'sCubic Convolution Process has

essentially the samespatial frequency content as the nearest-ne!;hbor

resampled image; however, the htgh frequency componentsare not degraded
as ts the case for btltnear Interpolation.
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